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DUAL AXIS VIBRATORY RATE GYRASCOPE 
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List of Drawings: 

Figure 1 : Shows an isometric assembled and exploded view of the Vibratory Structure. 

Figure 2: Shows isometric and plan views of several modes shapes of the Vibratory Structure. 

Figure 3: Shows an isometric view of the Beam Assembly 

Figure 4: Shows an isometric assembled and exploded view of the Signal PCB 

Figure 5: Shows an isometric assembled and exploded view of the Drive Side Assembly 

Figure 6: Shows an isometric assembled and exploded view of the Sense Side Assembly 

Figure 7: Shows an isometric assembled and exploded view of the Suspended Assembly 

Figure 8: Shows an isometric assembled and exploded view of the Base Assembly 

Figure 9: Shows an isometric assembled and exploded view of the Complete Assembly 

Figure 10: Shows a block diagram representation of the top level ASIC architecture 
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Features and Advantages 



1) Vibratory element: Geometry, symmetry and structure of beam allows 1 beam structure (and 
a single frequency) to be used for sensing rate about two axes. Structure also allows for flat coil 
assemblies to detect motion. Structure can be manufactured by economical production process 
(chemical etching). 

State of the Art: Many dual axis gyroscopes employ two vibratory structures - one for each 
axis. Some dual axis gyroscopes do use a single beam structure, but these structures are of 
different geometry and require expensive manufacturing procedures. 

2) Integrated A/D converters/ Integrating A/D converts with the sensor allows sensor to output 
data in a convenient digital format. 

State of the Art: Most gyroscopes are fully analog and usually require large off chip capacitors 
required for analog filtering, as well as conformal coating of these capacitors. 

3) Digital Trimming of Error Sources: Various registers on chip allow each sensor to have its 
error signals minimized during a factory calibration procedure. 

State of the Art: These errors are mechanically trimmed by grinding the beam or realigning the 
transducers. ■ ■'' 

4) Programmable Bandwidth: Sampling and digital filtering processes are user configurable and 
allow for the user to essentially program the bandwidth of the sensor by simply writing to a 
control register. 

State of the Art: Some gyroscopes do allow the user to set the bandwidth by adjusting external 
components such as resistors and capacitors. 

5) Dual purpose Suspension System: Springs are used both as an isolating structure and to pass 
electrical signals to the components of the sensor. 

State of the Art: Thin, fragile leads are used to convey electrical signals, some type of 
beam/damper assembly is used for vibration isolation. 

6) Timing Synchronization: All data conversions, phase references, and electrical processes are 
timed according to the natural resonant frequency of the vibratory element. This allows for 
various benefits in signal noise, and error matching (tracking) over wide operation conditions. 
Sate of the Art: Timing performed in analog domain 
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Description of the Preferred Embodiment: 
Introduction: 

The sensor operates in a similar manner to a Tuning Fork Gyroscope. The fundamental principle 
entails vibrating two proof masses with equal amplitude but in opposite directions. When 
rotated about an axis orthogonal to direction of forced vibration, the Coriolis force produces an 
orthogonal vibration which is detected by transducers, and is proportional to angular rate 
[Fcorioiis = -2m(coxv)]. 

First the mechanical parts and assembly will be described, and then the signal processing, 
control and system level interactions. 

Mechanical parts and Assembly: 

The key element of the sensor is the Vibratory Structure. Referring to Figure 1 , the Vibratory 
Structure is made up of a Beam Element, 2 Magnet Holders and 2 Magnets. The Beam Element 
is of a hexagon shape and composed of several winding serpentine beam lengths. The beam is 
designed to be 6 (or more) fold axially symmetric. The beam is manufactured by chemical 
etching, fine blanking, stamping or electro-discharge machining a sheet of such metal as elinvar, 
stainless steel, beryllium copper, spring steel or other suitable alloy. Alternatively, quartz or 
silicon may be used to form the beam shape through conventional photolithographic etching 
processes. Physical vapor deposition processes, such as sputtering, may also be used to produce 
the desired beam shape. It is desirable that the material of the Beam Element maintain a 
constant modulus of elasticity over temperature so that the vibration frequency remains suitably 
constant over the Operating temperature of the sensor. The material should be homogenous and 
the tolerances of the part should be such as to maximize the symmetry between serpentine beam 
lengths in order create symmetric elastic spring properties in the various serpentine beam 
lengths, which is required to minimize vibration trajectory misalignment errors. 
Three serpentines beam lengths are connected two one of the magnet holders, while three other 
serpentines are connected to the other magnet holder. This allows the magnet holders to move 
freely with respect to each other. The Magnet Holders are formed by conventional means such 
as are screw machining, metal injection molding, or casting a non magnetic material, such as 
certain stainless steels. The Magnet Holders are attached to the Beam Element by welding, 
brazing, mechanical fastening, adhesive bonding, or soldering. Two cylindrical permanent 
magnets are fixed inside the magnet holders with adhesive, mechanical fastening, or magnetic 
self attraction. The remaining 6 serpentines are connected to a fixed reference (the Mount 
plate). 

Referring to Figure 2, the design of the beam is such that it allows the two Magnets (and 
Magnet Holders) to vibrate along the X-axis in a counter phase mode, which we will call Drive 
Mode. The vibratory structure has a further resonant mode, the Sense Mode, which is close in 
frequency to Drive Mode (to attain a magnification effect), and allows the 2 Magnets to vibrate 
in any direction in the ZY plane. The 6 fold symmetry of the beam is necessary to allow motion 



-3- 



of the Magnets in any direction in the ZY plane so that two axes of motion can be detected - 
specifically motion along the Y axis, and motion along the Z axis. The 6 fold symmetry is also 
necessary to ensure that the error in the Drive Mode trajectory (motion not along the X-axis) is 
minimized. The vibratory structure is further designed such that other modes are distant in 
frequency from the Sense and Drive Modes in order to minimize cross coupling effects. An 
example is the In Phase motion, which is significantly lower in frequency than Drive Mode 
because of lengths of the 6 mounting serpentine beams. 

Figure 3 shows the Beam Assembly. The Beam Assembly is comprised of the Vibratory 
Structure which is attached to the Mount Plate by welding, brazing, soldering, adhesive 
bonding, or mechanically fastening the ends of the 6 serpentine beam lengths to protrusions of 
the Mount Plate. The Mount Plate is designed such that it allows the Vibratory Structure enough 
physical space to allow the Beam Element to vibrate unobstructed. The metallic Mount Plate is 
made by stamping, casting, or metal injection molding. 

Figure 4 shows the Signal PCB (perforated circuit board). Attached to the Signal PCB are 
various electronic components. A capacitive Shield Plate is attached to the Signal PCB by 
soldering, welding, or brazing. The Shield Plate is used to prevent capacitive coupling between 
the Sense Coils and the various traces and pins on the Signal PCB. The capacitive Shield Plate 
is a made from an electrically conducting, but also non-magnetic material, such as phosphor 
bronze, and can be formed through conventional means such as stamping, metal injection 
molding, or casting. The AGC Coil is attached to the back side of the Signal PCB with adhesive 
or mechanical fastening. The AGC Coil (and all subsequently mentioned coils) is manufactured 
by winding' insulated electrically conductive wire, such as copper, around a spindle which is 
later removed. Coils can also be formed by spiraling traces on several PCB layers to generate a 
coil structure or by depositing metal films onto a substrate and then etching coil turns with 
photolithographic methods. Two curved Pins (extruded conductive metal, such as phosphor 
bronze) are also attached to the PCB. 

Figure 5 shows the Drive Side Assembly. The Drive Side Assembly is designed to locate the 
Drive Coil relative to the Vibratory Structure. The Drive Side Assembly consists of a plastic 
injection molded part, the Drive Mold, which incorporates a location feature for the Drive Coil. 
The Drive Coil is attached with adhesive, mechanical fastening, heat staking or ultrasonic 
welding. A magnetically permeable (such as Iron) plate is attached to the rear of the mold. This 
plate is used to help align the magnetic field (flux lines) generated by the two Magnets of the 
Beam Assembly so as to maximize the ability of the various coil transducers to detect motion of 

! the Magnets. Several pins are attached to the Drive Mold and are used to carry electrical signals 

j from Drive Side Assembly to the SignalPCB. 

A similar arrangement makes up the Sense Side Assembly, as shown in Figure 6. However, 
unlike the Drive Side Assembly, instead of a Drive Coil, the Sense Mold holds 2 pairs of Sense 
Coils. The two sets of Sense Coils are positioned at 90 degrees to each other, and will be later 
assembled in close proximity to one of the Magnet of the Vibratory Structure. These coils are 
used to detect rotation about the Y, and Z axes. Each set of coils are connected with opposite 
[ polarity (wound in opposite directions), such that the majority of motion along the X axis (Drive 
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Mode vibrations) will not be detected by these coils, whereas motion about the Y, or Z axis 
respectively, will be detected (sense Mode vibration). 

Figure 7 shows the Suspended Assembly. The Drive Side Assembly is attached to the Beam 
Assembly (Mount Plate tangs) by soldering, welding, brazing or mechanical fastening. The 
Beam Assembly is further attached to the Sense Side Assembly, in a similar manner to form a 
compact integrated assembly, which positions the Drive Coil in close proximity to one of the 
Magnets of the vibratory structure, and the AGC and Sense Coils in close proximity to the other 
Magnet. The various cross connecting pins are connected (soldered) into the Signal PCB to 
establish electrical routes through the Suspended Assembly. 

Figure 8 shows the Base Assembly. The Base assembly consists of a plastic injection molded 
part, the Base Mold, which has 4 Pins attached to it. The Belly Plate which is a conducting 
metallic part made by conventional means such as stamping, casting or Metal injection molding, 
is attached to the Base Mold by adhesively bonding, heat staking, ultra-sonically welding, or 
mechanically fastening. A Gasket, molded out of rubber, such as Silicon, is inserted between the 
Base Mold and Belly Plate as shown. Helical Springs are connected to the pins by soldering, 
welding, brazing, or mechanical fastening. The Helical Springs are made from electrically 
conducting material that is wound into a helical spiral shape. 

Figure 9 shows the Complete Assembly. The Suspended Assembly is positioned onto the 4 
Helical Springs, and attached by soldered, welding, brazing or mechanical fastening. The 
purposes of the helical springs are two fold: firstly, the springs allow electrical signals to be 
passed from the Pins in the Base Mold to the Signal PCB; secondly, the springs provide 
vibratory isolation between the suspended assembly and the base of the unit. This isolation is 
necessary in order to prevent unwanted vibrations (linear acceleration, mass mismatch effects) 
from being detected. 

Lastly, a Can is then attached to the Belly Plate of the Base Assembly to form a closed container 
that is used to shield the sensor from undesired interference sources, such as Radio Frequencies 
(PvF) and external magnetic fields. The Gasket of the Base Assembly forms a seal against the 
can so as to prevent moisture from entering the assembly. 

Signal Processing, Control and System Level Interactions: 

j The Signal PCB contains an ASIC (Application Specific Integrated Circuit), and EEPROM 
i (Erasable Programmable Memory) and other discrete components such as capacitors and 
' resistors. The ASIC performs all the necessary signal processing and control required for the 
sensor to perform. 

Please refer to Figure 10 for an architectural view of the ASIC. 

The various coils in the assembly are used as transducers which are able detect or induce motion 
of the Magnets. The Vibratory Structure is excited at its natural resonant frequency by the 
sending current through the Drive Coil, which is situated close to one of the Magnets attached to 
the vibratory structure. This produces a corresponding sine wave signals generated on the AGC 
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Coil, which is located close to the other Magnet. The amplitude of this sine wave represents the 
physical amplitude of vibration of the magnets. This signal on the AGC coil is amplified and is 
used to establish a self correcting feedback loop (automatic gain control loop) which adjusts the 
level of current supplied to the Drive coil so as to maintain a given level of vibratory amplitude. 

When the sensor is rotated, low level voltage signals are generated on the Sense Coils by the 
Coriolis Effect. The sense signals have a 90 degree phase reference (cosine signal) relative to 
the AGC signal, since Sense Vibrations occur at the Drive Mode Frequency and are therefore 
1 off resonance. The ASIC uses a digital phase lock loop (PLL) in order to phase lock to the AGC 
signal and generate a fixed 90 degree phase shift.. This is accomplished by using a high 
frequency oscillator which is divided down to a frequency that matches the natural vibration 
frequency of the Vibratory Structure and locked to a phase reference (such as the zero crossing 
point) of the AGC signal. 

Various error signals on the sense channels are compensated for by means of programmable 
digital to analog converters (DACs) that add or subtracted scaled signals to the sense channels 
in order to correct for these errors. Error sources include a large In Phase (Drive Mode) signal, a 
DC offset signal from the pre-amplifiers, and a Cross Axis signal (some amount of motion 
about the Y axis will be detected along the Z axis). 

Once these error signals are electronically removed, the sense signals are demodulated (the 
desired sense signal has a 90 degrees phase relationship to the AGC signal) which allows the 

I sense signal to be fully extracted while parasitic vibrations are cancelled. Since the desired 
signal is of a cosine nature, in order to detect the signal amplitude, the signals are also rectified. 
The demodulated and rectified signals are then converted to digital levels through the use of 
conventional analog-digital converts, such as a Sigma Delta Converter type. Digital filtering is 
further performed in order to remove the unwanted high-frequency components present on the 

1 signals. The timing of the ADC is synchronous with the vibration frequency of the Vibratory 

1 Structure. This improves signal to noise of the signal by further removing certain error sources, 
such as In Phase (Drive Mode) signals still present on the signal and harmonics created by 

• demodulation. The sense signals are then scaled in order to account for unit to unit variations, so 
that the rate output will be consistent across all units. 

The results of each ADC conversion are accumulated in a register on the ASIC. The number of 
. accumulated conversions is set by a user configurable control register. By accumulating several 
! samples, the sense signals are averaged which improves the ratio of signal to noise on the 

signal. Furthermore, by allowing the user to set the number of samples that are averaged, the 

user is capable of controlling the effective bandwidth of the sensor. 

i 

The ASIC further has conventional temperature sensor and voltage level detectors which are fed 
through ADCs so that the temperature of the sensor, as well as the supply voltage can be 
reported. These values are need for higher order error correction for temperature and voltage 
; dependant phenomena. 
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The ASIC communicates with an external microcontroller or microprocessor using a serial 2 
wire interface, such as Philips' I2C interface. Both the ASIC and the EEPROM act as slave 
devices. During factory calibration, many of the error signals are measured and the appropriate 
scaling factors stored in the EEPROM. During normal operation, an external microprocessor or 
microcontroller reads in the stored calibration values from the EEPROM and then writes them 
to RAM on the ASIC. The ASIC uses these stored values in RAM to set the appropriate DAC 
levels used for performing the error corrections discussed above. The 2 wire interface is used to 
conserve on the number of connections required between the external package and the 
suspended assembly. 

Lastly, the ASIC includes on chip voltage regulators which are used to maintain a constant 
voltage supply reference to the various block of the ASIC. 
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Drive Mode: Counter Phase motion - both magnets move along X - direction, 
but magnets move in opposite directions 




Sense Mode: Magnets move in YZ plane, in opposire directions 




In Phse Mode : In Phase Motion (both magnets move along X direction) 
in same direction 
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Figure 3 
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Drive Side Assembly 




Assembled View 



Plate 




Exploded View 
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Sense Side Assembly 




Exploded View 

Figure 6 
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Assembled View 
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EXPLODED VIEW 
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Figure 9 exploded view 
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Figure 10 



